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Abstract 
Ni-based industrial alloy samples (INCONEL® 601) were subjected to oxidizing conditions, followed by exposure to 
a high carbon activity gaseous mixture containing 10% CO in Ar at 550 ºC in order to reveal factors critical to the 
initial carbon-formation. Fresh and treated samples were studied via optical-microscopy, SEM, Auger depth-profile 
analysis, TEM and EPMA. The results show that the extent of carbon formation is dependent on the oxidation 
parameters, since these affect both the composition and the structure of the 20-60 nm thick oxide layer formed. A 
high oxygen partial pressure during oxidation appears to promote inclusion of Ni or Fe species in the oxide, which 
subsequently reduce and catalyse the growth of carbon filaments. Surface pre-treatment (i.e. polishing before 
oxidation) is also found to affect the carbon formation. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the organizing 
committee of 2nd Trondheim Gas Technology Conference. 
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1. Introduction 
Metal dusting corrosion constitutes a problem in the conversion of natural gas to fuels and chemicals 
[1–5] because it proceeds by a gradual breakdown of alloy surfaces into fine, dust-like particles. It is a 
result of unwanted carbon formation on the inner surface of process equipment, and occurs where metals 
and alloys are exposed to a carbon-containing gaseous atmosphere with low oxygen/steam partial 
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pressure (i.e. high carbon activity, aC>1, see eq. (1)–(4)) at elevated temperature (300 ºC and higher) [5–
9]. This is typical for the production of synthesis gas from methane, or upon alkene/olefin production 
from lower alkanes or naphtha. Depending on the process and the conditions, a combination of the 
following reactions may be involved in metal dusting [3–10]: 
CO reduction: H2 + CO = C + H2O (οܪଶଽ଼଴ =-131.3 kJ/mol; aC1=PCO.PH2/PH2O) (1) 
Boudouard reaction:  2CO = C + CO2 (οܪଶଽ଼଴ =-172.4 kJ/mol; aC2=PCO
2/PCO2)  (2) 
Water-gas shift : H2O + CO = CO2 + H2 (οܪଶଽ଼଴ =-41.2 kJ/mol)  (3) 
Alkane thermal cracking:  CnH2n+2 = nC + (n+1)H2 (ǻH>0; aC4=PCnH2n+2/PH2
(n+1)) (4) 
Metal dusting carries significant cost, since precautions need to be taken to avoid catastrophic events 
in industrial processes characterized by explosive and/or poisonous gaseous mixtures under high pressure 
and temperature. Careful monitoring and periodic inspection are required, as well as replacement of 
critical process units at intervals. Eventually, the extent of and/or resistance to metal dusting corrosion 
depends on both process conditions (temperature, pressure, gas phase compositions, and time, etc.) and 
metallurgical factors [1–12]. There are therefore various approaches to control and minimize metal 
dusting and its consequences [2,4,8,11], each with their own challenges or involving compromise against 
other factors: 
1. Adjustment or careful selection of process parameters (temperature, pressure, composition) 
2. Development and application of metal dusting resistant alloys 
3. Application of coatings to protect the underlying metal/alloy matrix 
4. Mixing process gas with low concentration of sulfur compounds (H2S, CS2, (CH3)2S2, etc.) 
The progress of metal dusting in the alloy matrix once carbide phases have formed has been 
extensively studied and documented in the literature [4–6,11–14]. The initial stage of metal dusting is, 
however, analogous to the carbon formation on catalysts used in the production of synthesis gas but less 
described in the open literature. Carbon formation on catalysts is essentially kinetically controlled, 
particularly facile on Ni, Co and Fe, and has been widely studied [12,15–17]. Holmen et al. have also 
studied carbon formation in high temperature gas phase processes [18–21]. Fe and Ni are common 
constituents of alloys with good temperature resistance; hence their stability in the alloy matrix is critical 
for metal dusting. Cr and Al are hence often added to improve the corrosion as well as the metal dusting 
resistance, since these are known to segregate to form stable surface oxide layers that protect the 
underlying matrix. Improved understanding of the initial phase of metal dusting and the role of the alloy 
surface can be obtained through a combined experimental and theoretical approach, together with 
advanced surface and bulk characterization. The time scale of the metal dusting phenomenon constitutes a 
challenge, since it may be a question of months or years under industrial conditions. Development of 
accelerated, yet representative, experimental protocols is therefore important.  
The overall objective of this study is to obtain better understanding of the initial stages in metal 
dusting corrosion, i.e. the initiation of the carbon formation. This is done by preparing different surface 
oxide layers of a representative alloy, which are then exposed to high carbon activity (aC>1) gas 
atmosphere at temperatures representative of those associated with metal dusting in syngas process units 
[22,23]. This is combined with detailed characterization before and after the exposure in order to find a 
relationship between the structure and composition of the alloy surface and its propensity to form solid 
carbon. Since the initial carbon formation as well as the progress of the metal dusting is affected by 
numerous parameters, including even the flow pattern and material stress as well as the more obvious 
structure and composition of the exposed alloy surface, temperature, pressure, and composition of the gas 
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stream [6,7,9,11,13,24], great care has been taken to select consistent experimental procedures that treat a 
limited number of  parameters at the time.  
2. Experimental 
The carbon formation on a Ni-based (Inconel 601) industrial alloy was investigated under controlled 
conditions. All the 15×8×0.5 mm3 alloy samples were ultrasonically cleaned in acetone before the 
experiment. Oxidation and CO exposure tests were conducted in a laboratory experimental setup with a 
vertical steel tube enclosed in a furnace. The alloy samples were hung inside the steel tube with the 
internal wall plated with gold in order to mitigate the effect of metal dusting on the reactor wall.  
The samples were subjected to different oxidation conditions to determine the effect of temperature 
and oxygen partial pressure in the oxidation gas flow on the oxide layer composition and structure: 6 h at 
either 540 ºC or 760 ºC in pure oxygen (100% O2) or diluted oxygen (0.5% O2).The oxidized samples 
were thereafter exposed to a 10% CO in Ar (aC>>1) gas mixture at 550 ºC for 20 h. After exposure, the 
samples were cooled in Ar and unloaded at ambient conditions. In all experiments, the total gas flow rate 
was 100 Nml/min and the total pressure was 1 bar.  
While the structure and composition of the as-received surface could not be linked to a specific pre-
treatment protocol, they possibly affect the result of the oxidation as well as the carbon formation itself. A 
set of samples was therefore prepared by application of identical grinding treatments of the as-received 
alloy. The Inconel 601 coupons were first ground up to P2400 grid in SiC papers and then polished to a 
mirror finish. These samples were compared to unpolished (as-received) samples subjected to identical 
treatments. The resulting oxide layers and carbon deposits were investigated by means of optical 
microscopy, scanning electron microscopy (SEM) and depth profile analysis by Auger spectroscopy 
under Ar-ion sputtering. Carbon deposited on the alloy surface during CO exposure was collected by 
agitation of the sample in acetone in an ultrasonic bath, and then investigated in a transmission electron 
microscope (TEM) equipped with an energy-dispersive X-ray spectrometer (EDS). Elemental mapping 
was performed by means of an OXFORD Instruments INCA system. The bulk composition of the fresh 
alloy sample was also determined by electron probe micro-analysis (EPMA) via wavelength-dispersive 
X-ray spectroscopy (Table 1), and found to be in agreement with the specifications of Inconel 601 [23,25] 
Table 1. Elements present in the fresh alloy sample, determined by EPMA 
3. Results and discussion 
Fig. 1 compares optical micrographs of pre-oxidized, CO exposed (carbon containing) samples with an 
as-received, unexposed Inconel 601 alloy sample (Fig. 1(a)). The samples shown in Fig. 1(a–c) were 
unpolished, whereas those of Fig. 1(d–f) have been polished as described above. Optical imaging of the 
polished samples before oxidation and CO exposure could not be obtained due to its mirror-like finish. 
Solid carbon has formed on all CO-exposed samples, although less apparent from optical inspection in the 
case of polished samples exposed to the highest oxidation temperature of 760 ºC (Fig. 1(f)), but clearly 
Composition basis 
Element present (%) 
Ni Cr Fe Al Mn O Ti 
Mass percentage (average) 60.65 22.71 13.38 1.28 0.60 0.14 0.31 
Atomic percentage (average) 57.65 24.31 13.33 2.64 0.60 0.24 0.36 
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visible in SEM (Fig. 2(g–h)). The effect of oxidative gas composition is the same, irrespective of 
polishing. The samples pre-oxidized in pure oxygen (100% O2, Fig. 1 (b) and (d)) appear to have a thicker 
carbon deposit relative to the samples pre-oxidized in diluted oxygen (0.5% O2) (Fig. 1 (c) and (e)) at 540 
ºC. This is possibly better illustrated by Fig. 2. The filamentous carbon layer is less dense and with 
shorter filaments in Fig. 2(e–f), where the oxide layer was formed under diluted oxygen but otherwise 
similar conditions as that of Fig. 2(c–d). Areas without carbon, as shown in Fig. 2 (d) and (f), are also 
more evident on the sample pretreated in diluted oxygen. Filamentous carbon is known to grow on Ni or 
Fe particles at high carbon activity (aC>1) [15–17]. SEM micrographs of the corresponding oxide layers 
without any carbon deposits are shown in Fig. 3. The morphology of the oxide layer formed under pure 
oxygen (Fig. 3(a)) appears rougher and with more defects than the one formed under diluted oxygen (Fig. 
3(b)) but otherwise identical conditions. Certain conditions may create a rougher oxide layer with more 
defects, possibly even somewhat porous.  This could make components of the underlying matrix, such as 
iron and nickel species, more accessible to the gas phase carbon monoxide.  
The SEM micrographs of CO exposed alloy surfaces pre-oxidized in pure oxygen at 540 ºC are 
displayed in Fig. 2 (a–d) and reveal that the large amounts of filamentous carbon have formed. The 
unpolished sample shows a thick, bulky layer of long carbon filaments (Fig. 2(b)), while the length and 
density of carbon filaments seem to be reduced on the polished sample exposed to otherwise similar 
conditions (Fig. 2(d)). The relative amount of the carbon deposits is also observable by visual inspection, 
but less apparent from the optical micrographs of Fig. 1. The thickness of the carbon layer on polished 
samples is always less relative to the corresponding unpolished sample, i.e. also when comparing 
corresponding samples pre-treated under diluted oxygen (not shown). The “no-carbon” areas found in 
Fig. 2 (d) and (f) are also rare on unpolished samples. This means that the initial surface microstructure 
and composition as affected by mechanical surface modification play a role in the amount of carbon 
formed during CO exposure. Nava Paz and Grabke [6] studied high-chromium alloys under metal dusting 
conditions and concluded that formation of a protective Cr2O3 layer was favored by application of surface 
grinding.  
The polished sample pretreated in pure oxygen at 760 ºC illustrates the effect of oxidation temperature. 
As shown in Fig. 2(g–h), the amount of carbon formed on this sample during CO exposure is 
considerably lower than on the samples oxidized at lower temperature (Fig. 2(c–d)), but isolated, short 
carbon filaments may still be seen (Fig. 2(h)). The same could be concluded from comparing polished 
samples oxidized under diluted oxygen at 540 ºC and 760 ºC (not shown here). Apparently, oxidation at 
higher temperature creates a surface oxide with better resistance to carbon formation. 
Fig. 1. Optical micrographs of as-received and CO exposed (20 h, 550 ºC, 10% CO in Ar) Inconel 601 alloy samples. (a) As-
received; (b) Unpolished, pre-oxidized (540 ºC, 100% O2); (c) Unpolished, pre-oxidized (540 ºC, 0.5% O2 in Ar); (d) Polished, pre-
oxidized (540 ºC, 100% O2); (e) Polished, pre-oxidized (540 ºC, 0.5% O2 in Ar); (f) Polished, pre-oxidized (760 ºC, 100% O2 in Ar). 
(a) (b) (c) (e) (f) (d) 
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Fig. 2. SEM micrographs of carbon deposited by exposure to 10% CO in Ar at 550 ºC for 20h on Inconel 601 samples. (a) and (b) 
Unpolished, pre-oxidized (100% O2, 540 ºC); (c) and (d) Polished, pre-oxidized (100% O2, 540 ºC); (e) and (f) Polished, pre-
oxidized (0.5% O2 in Ar, 540 ºC); (g) and (h) Polished, pre-oxidized (100% O2, 760 ºC) 
(c) 
(e) 
(g) (h)
(d)
(f)
(b)(a)
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Fig. 3. Representative SEM micrographs of Inconel 601 samples oxidized at 540 ºC and atmospheric pressure: (a) 100% O2; (b) 
0.5% O2 in Ar 
To further investigate the characteristics of the different oxides, they were subjected to depth profile 
analysis by application of Auger spectroscopy while gradually sputtering away the topmost surface 
layers. The depth-wise concentration variation of oxygen (O), chromium (Cr) aluminium (Al), nickel (Ni) 
and iron (Fe) for unpolished and polished sample subjected to oxidation at 540 ºC is shown in Fig. 4 and 
Fig. 5, respectively. 
The depth profiles provide some qualitative information about the thickness of the oxide layers 
formed, since oxide layers formed on polished samples appear thinner, and with a better defined 
interphase boundary to the bulk matrix as compared to the unpolished samples (Fig. 4). The depths 
estimated in Fig. 4 and Fig. 5 refer to sputtering of a standard SiO2 sample. The sputtering depth may, 
however, depend somewhat on the structure and composition of the oxide layer. The relative sputtering 
rates may also be affected, making a calibration of the Auger intensities by application of standards 
difficult. A complete quantitative interpretation of these profiles may hence not be made even if the 
samples were subjected to identical sputtering protocols, and we therefore confine our discussion to 
relative trends between the samples. 
According to the profile map of Fig. 4(a), there is no significant difference between the oxygen and 
chromium profiles of the unpolished samples oxidized at 540 ºC under pure and diluted oxygen 
atmospheres. The depth profiles of corresponding polished alloy 601 samples subjected to oxidation at 
540 ºC are shown in Fig. 5. Since the differences between the profiles obtained for diluted and pure 
oxygen here apply to all species present, they signify mainly the lack of calibration. But there is a 
possible difference between the two aluminium profiles of the unpolished samples (Fig. 4(a)), which 
cannot be confirmed for the corresponding polished samples (Fig. 5(a)). The small amount of aluminium 
is added during fabrication to improve the alloy properties, as reflected from the bulk average 
composition given in Table 1. The presence of aluminium containing oxides has been claimed to 
decelerate the rate of carbon ingress into the metal [3–5,12]. For chromium containing alloys, it has been 
reported that aluminium can diffuse slowly in the alloy matrix from the bulk towards the surface under 
certain conditions to form a so-called chromia-alumina protective surface oxide scale [3,12,14]. Chun et 
al. observed a similar trend of aluminium enrichment in the surface oxide scale during their study of Ni-
based alloys [26], but the thickness of their surface scale is considerably larger than here.  The near 
surface aluminium enrichment might have been present already before the oxidation treatment in the 
unpolished samples, maintaining so upon further oxidation. After polishing, a possibly more bulk 
representative alloy was exposed to oxidation conditions, and this seems to have led to the formation of 
chromium rich oxide layer as shown in Fig. 5. Others have also reported surface deformation (grinding 
(b)(a)
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and polishing) to affect the relative diffusion rates of chromium to the surface upon oxide formation at 
elevated temperature 6,27]. The data indicates that, although the presence of aluminium and chromium 
oxides are beneficial [26,27], the composition of the oxide layer alone cannot explain the alloy stability 
under metal dusting conditions.  
In addition to the composition, the structure of the oxide layer and how it has formed play a role. Fig. 
4(b) indicates that the oxide layer formed under pure oxygen is slightly more nickel rich compared to the 
oxide layer formed under diluted oxygen at similar conditions, since the two nickel profiles cross 
approximately at the oxide-bulk transition. There is no clear difference between two iron profiles. 
Furthermore, the nickel profiles of the polished alloy samples (Fig. 5(b)) show a similar trend as the 
unpolished samples (Fig. 4(b)). In contrast to the unpolished case, Fig. 5(b) also implies that the oxide 
layer formed under pure oxygen treatment is iron rich compared to the oxide layer formed under diluted 
oxygen treatment. This could mean that a high oxygen partial pressure during oxidation promotes the 
inclusion of nickel and possibly iron in the oxide matrix [27]. Under reducing the reducing gas 
atmosphere, this nickel becomes more accessible to the gaseous reactants, particularly if the oxide is 
porous or contains defects. As a result, the nickel eventually becomes reduced to small metal particles 
within the chromium oxide layer that serves at catalysts in the carbon formation. This could explain why 
a thicker carbon deposit was observed upon pre-treatment in pure oxygen (Fig. 2(c–d)) compared to 
diluted oxygen (Fig. 2(e–f)). 
Fig. 5. Auger sputtering depth profiles of polished Inconel 601 samples oxidized in pure (100% O2, closed symbols) and diluted 
(0.5% O2-in-Ar, open symbols) oxygen at 540 oC for 6h: (a) Profiles of O, Cr and Al; (b) Profiles of Fe and Ni
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Fig. 4. Auger sputtering depth profiles of unpolished Inconel 601 samples oxidized in pure (100% O2, closed symbols) and diluted 
(0.5% O2-in-Ar, open symbols) oxygen at 540 oC for 6h: (a) Profiles of O, Cr and Al; (b) Profiles of Fe and Ni
(b)(a) 
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Fig. 6. (a) Electron micrograph of carbon filament with metal particle; (b) Multi-walled carbon fiber with metal particle (Enlarge 
version of red square in (a)) 
Fig. 7. (a) Dark field STEM micrograph of carbon removed from Inconel 601 after exposure to 10% CO in Ar at 550 ºC for 20h 
(unpolished sample, pre-oxidized in 100% O2 at 540 ºC). Complementary EDS elementary maps show (b) C; (c) Au; (d) Ni; (e) Fe. 
The carbon formed on the unpolished alloy sample pre-treated under pure oxygen at 540 ºC was
removed and investigated by transmission electron microscopy. Fig. 6(a) shows filamentous carbon with 
metal particles inside, and growth of the carbon filaments has likely been catalyzed by these particles. 
Fig. 6(b) shows the tip of a ~20nm thick multi-walled carbon filament with a ~5 nm crystalline particle 
encapsulated. TEM operated in the scanning transmission mode generated Fig. 7(a) with complementary 
(a) (b)
Fe 
(e) 
C
(b)
Au 
(c) 
Ni
(d)A1
A2
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EDS elemental maps shown in Fig. 7 (b–e). Fig. 7(d) shows that the small particles enclosed in the carbon 
filaments are rich in nickel. Presence of iron in the same particles is hard to confirm based on the weak 
iron signal of Fig. 7(f). A semi-quantitative analysis of the areas A1 and A2 of Fig. 7(a)) is presented in 
Table 2. It confirms that the metal particles inside the carbon filaments (A1) are nickel rich, with very low 
amounts of iron. Fig. 7(c) and Table 2 demonstrate that the relatively large particles of area A2 are rich in 
gold. Gold is applied as a coating agent on the reactor wall to avoid severe carbon formation. A small 
amount of Au has likely evaporated at reaction conditions. The low density and large size of the particles 
indicate high mobility of the volatile Au species and low interaction with the carbon. The Au particles are 
also not expected to enhance any carbon formation reactions (especially Boudouard reaction) at any 
condition. But Fig. 7 (c), (d) and (f) indicate that the Au contaminated area also contains nickel and iron. 
It may hence be that gold under relatively high mobility preferentially sticks to Ni/Fe upon deposition, or 
that the metals interact once gold is present. 
Table 2. Elements present in metals clusters found in carbon deposit 
4. Conclusion 
Oxidation of Inconel 601 samples at elevated temperature resulted in chromium-rich surface oxide 
layers of 20-60 nm thickness, depending on the conditions applied and the sample preparation (as-
received vs. polished). The subsequent exposure to 10% CO in Ar at 550 ºC showed that, even if 
considerable amounts of carbon is formed on all samples at this high carbon activity, the extent of carbon 
formation may vary considerably depending on the parameters of the preceding oxidation. The higher 
carbon formation appears to be associated with inclusion of Ni and/or Fe species in the surface oxide 
layer. Here, a higher Ni, and partially Fe, concentration within the oxide resulted from oxidation at 540 ºC 
under pure oxygen, whereas oxidation under diluted oxygen resulted in less Ni and Fe within the oxide 
and a correspondingly less dense carbon deposit with shorter carbon filaments. However, contradictory 
trends were observed concerning the aluminium content of the oxide. Polishing of the samples prior to 
oxidation as well as a higher oxidation pre-treatment temperature (760 ºC) also resulted in lower carbon 
formation when compared under otherwise similar conditions. Hence, both the structure and the 
composition of the oxide are important to the initial stage of metal dusting.  
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Composition 
basis
Elements present (%) 
Area 1 (A1) Area 2 (A2) 
C Ni Fe Al Si C Ni Fe Al Si Au Cr O 
Weight% 95.69 3.41 0.67 0.08 0.18 61.64 3.79 3.31 0.08 0.14 20.73 2.16 8.01 
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